As the cathode with the highest electron emission capability in the thermionic cathode, the scandate cathode has attracted more and more attention in recent years, especially the scandia doped tungsten matrix scandate cathode. Experimental studies show that scandia doped tungsten matrix scandate cathodes with submicron microstructures exhibit excellent emission capacity, and the pulse emission current density in the space-charge region can be over 35 A cm −2 at 850 °C b . In the direct current (DC) condition with temperature compensation, the emission current density could reach 25 A cm −2 at 850 °C b . The device lifetime is over 3700 h after operating at 950 °C b with the DC loading of 40 A cm −2 . The emission mechanism of the scandate cathode including the effect of the surface structure and composition on the work function of the cathode are systematically reviewed.
Introduction
Thermionic cathodes have been widely used as the electron sources for the vacuum electron devices (VEDs) such as electron beam instruments, cathode ray tubes, microwave and power tubes and plasma devices. As a most widely used cathode, the M-type cathode can operate stably for more than tens of thousands of hours with a current density of 10-20 A cm −2 [1] . However, with the rapid development of VEDs, the electron emission current density of the traditional cathodes becomes hard to fulfill the requirement [2] . The terahertz vacuum electron devices such as backward wave oscillators, Smith-Purcell radiation sources and other devices place demands on the cathode emission current density capability up to 50-100 A cm −2 or even more, which is several times higher than those of the traditional cathodes [3] . Similarly, the increase in the current density is also important for the performances of other devices, and thus obtaining a higher electron emission current density is extremely necessary, especially when the operating conditions are subversively changed. A large number of studies showed that based on the current widely used Ba-W cathode, the addition of a certain amount of scandia can significantly improve the emission performance. Therefore, the scandate cathode is considered as one of the main candidates for the next generation high current density cathodes [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Since 1970s, many inventions and improvements of the methods have been proposed to prepare scandate cathodes, e.g., the pressed scandate cathode, the impregnated scandate cathode and the top-layer scandate cathode. It was worth mentioning that the cathode prepared by Gärtner et al. [14] with laser ablation-deposited (LAD) coated films showed an emission current density of 400 A cm −2 at 965 °C b (°C b means that the temperature is the brightness temperature, and it is measured according to the surface brightness of the object at high temperature). Although the above scandate cathodes reach the relatively considerable electron emission capacity, they suffer from poor emission uniformity and reproducibility. In order to improve the performance of the scandate cathodes in a comprehensive way, the scandiadoped tungsten powders instead of the mechanically mixed powders were used to prepare the matrices of the impregnated scandate cathode [15] [16] [17] [18] . Benefiting from this modification, the resulting emission capacity and uniformity of the cathode were improved [19] [20] [21] .
In this paper, we present a brief review on the recent development of scandate cathodes. The key issues to be addressed for scandate cathodes are also discussed.
3
2 Development of the scandate cathode
First-generation scandate cathode
According to the difference in the ways of the addition of scandium element, the first-generation scandate cathodes are divided into the pressed scandate cathode and the impregnated scandate cathode. Table 1 lists the development of the emission capacity of different types of scandate cathodes. Dating back to 1979, Figner et al. [22] and van Oostrom et al. [11] prepared the pressed scandate cathode and obtained a zero-field current density of 10 A cm −2 at 950 °C b , while a higher emission of 20 A cm −2 was achieved by the impregnated scandate cathode invented by van Stratum et al. [23] , in which scandia was added to the impregnant. Obviously, the traditional impregnated scandate cathode has a better emission performance than the pressed one.
Mixed matrix scandate cathode
Based on the traditional impregnated cathode, the mixed matrix scandate cathodes were first reported by Taguchi et al. [32] , in which the scandia powders were mixed with tungsten powders and then compressed and sintered to form the matrices. This modification improves the electron emission capability of the cathode by almost double to 35 A cm −2 , as displayed in Table 1 . Then, Hasker et al. [25] replaced Sc 2 O 3 with ScH 3 to prepare the mixed matrices cathode, and finally, the emission yield reached ~ 100 A cm −2 at a standard operation temperature. However, the non-uniform emission of this cathode caused by the non-uniform distribution of the scandia on the surface of the cathode limited its application.
Top-layer scandate cathode
With the development of coating technology, researchers have paid great attention on the studies of the top-layer scandate cathode. In 1986, Hasker et al. [27] firstly developed the toplayer scandate cathode, which was prepared by constructing the scandia mixed tungsten top layer on the surface of a porous tungsten substrate and further integrally impregnating with the emission material of Ba-Ca-aluminate. The cathode current emission density can reach 100 A cm −2 at the standard operation temperature. After that, multiple top-layer scandate cathodes were developed by sputter coating the W base with W + Sc 2 O 3 [29] and later on W + Sc 2 W 3 O 12 was prepared by Yamamoto et al. [30] . Later, many improvements were made to the cathode, as listed in Table 1 , which included the previously mentioned LAD cathodes with the emission density over than 400 A cm −2 in the laboratory testing [14] . This demonstrates the scandate cathode has a high electron emission capability.
However, an interdiffusion phenomenon between the W substrate and the coating is observed at the standard operating temperature, whereby the composition of the coated layer changes with operational time and affects the electron emission capability of the cathode. Due to the high demands in reproducibility, the application of the top-layer scandate cathode is limited. To our knowledge, only the impregnated scandate cathode, in which Sc 2 O 3 was added to the barium calcium aluminate impregnant, was employed in some commercial devices [33, 34] . 
Development of the scandia-doped tungsten matrix impregnated (SDI) cathode
It is well known that the distribution uniformity of scandia on the surface of the cathode is the key factor that affects the emission performance of the scandate cathode [11, 20, 35] . In order to improve the distribution of the scandium in the cathode, Tao et al. [15] and Wang et al. [16] adopt the liquid-solid doping method to prepare scandia-doped tungsten powders using aqueous solution of Sc compounds and tungsten oxide as the starting materials. An improvement of the distribution uniformity of the scandium oxide in the doped powder was observed in comparison with that of samples by mechanical mixing (MM). Scanning electron microscope (SEM) images and energy dispersive spectrometer (EDS) spectra are shown in Fig. 1 . It can be found from Fig. 1a that the diameters of the tungsten particles in the mixed powders prepared by mechanical mixing are larger than that of the liquid-solid doped powders (Fig. 1c) . The EDS spectra indicate that scandium and tungsten are separated in most regions, such as tungsten in area A and scandium in area B in Fig. 1b . Only a small area shows the presence of both tungsten and scandium, indicating that only a small amount of the two substances were mixed evenly in the composite powders. By comparison, the powders prepared by solid-liquid doping are mixed uniformly, while tungsten and scandium coexist in each region, as illustrated in Fig. 1c, d . Furthermore, the addition of Re in powders can effectively reduce the particle size of the scandium-doped tungsten powders, as seen in Fig. 1e . Our recent results also clarify that the Re-W matrix cathode has a higher emission output than the tungsten matrix cathode [13, [36] [37] [38] [39] [40] . The addition of Re could decreases the size of scandiadoped W particle, but excessive refinement of particles can lead to a decrease in the strength of cathodes, making the cathode difficult to be machined. In recent years, a new technology that the scandia is incorporated in the tungsten grains by liquid-liquid doping using a sol-gel (SG) method is developed. The doped tungsten powder obtained by this method is microspherical and has a Gaussian distribution of particle sizes. The latest research showed that the introduction of the spray drying (SD) method during the preparation of doped tungsten powders can further improve the overall performance of the cathode. The reason is that compared to the SG method, the SD method does not introduce carbon to the cathode during the preparation process, since citric acid is often used as the complexing agent in the SG method.
The cathodes from scandia-doped tungsten powders are mainly prepared by powder metallurgy. The porous cathode matrices are firstly prepared with the different doped tungsten powders through pressing and sintering processes. Typical SEM images of the matrices are shown in Fig. 2 . There is an evident improvement in the scandia distribution in the matrix prepared by the liquid-solid (LS) doping method (Fig. 2b ) compared to MM (Fig. 2a) . In comparison with the MM method and the LS method, the matrix based on the SG powder has a significantly smaller tungsten grain size and nanometer sized Sc 2 O 3 distribute evenly among tungsten grains (Fig. 2c) . In the matrix prepared with the SD doped powder, the uniform sized grains are connected with the thick sintering neck, which results in an improvement of the strength of the cathode, thereby further improving the machinability of the cathode (Fig. 2d) .
A porous tungsten matrix does not have the electronemitting ability and needs to be impregnated with an aluminate. The point that the space-charge region begins to shift to the temperature limit region is used as an indicator to judge the cathode electron emission capability, which is due to the abnormal Schottky effect of the scandate cathode. The maximum space-charge-limited (SCL) pulsed current density at 850 °C b , which is determined by the point of deviation from the linear part of the LogI-LogV plots, is chosen for the emission capability evaluation. As shown in Fig. 2e , both the SCL current densities of the SG and SD doped cathodes are twice as much as that of the MM cathode. The high current densities indicate that the great improvement of the emission uniformity of the cathode is gained, resulting from a better distribution of scandia on the surface of the submicron structure. Moreover, the submicron structure could provide more pathways for the diffusion of active substance. However, the cathode prepared by solid-liquid (SL) with the micron-sized powders has the similar emission capability as the MM cathode with the similar size of tungsten particles. The SCL current-density capability at 850 °C b is ~ 16 A cm −2 . The performances of the SD and SG are similar to that of the top-layer cathode prepared by Gärtner et al. [14] . But Vancil et al. [10, 41] and Yamamoto et al. [42] found that the cathode prepared with the powder by LS method also could provide a highemission property.
Based on the above observations, it is concluded that the substrate with scandia nanoparticles surrounding and on the submicron tungsten matrix is an ideal structure for a highemission cathode.
Performances of the scandia-doped impregnated (SDI) cathode
The emission performance of (SDI/SG and SDI/SD) is tested in a high vacuum parallel diode testing system that includes a water cooling copper anode, pulse voltage generating power supply and removable cathode support. Pulsed voltages with pulse widths of 5-25 μs and repetition rates of 100 500 Hz were used when evaluating the emission capability. Figure 3a , b show the I-V plots of the SDI/SG cathode and SDI/SD cathode at temperatures from 800 to 900 °C b , and as a comparison the M-type cathode was also tested in the system. The results indicate that for both cathodes, the SCL current densities of over 30 A cm −2 can be obtained under an operation temperature of 850 °C b . This is almost equivalent to the emission performance of the LAD cathode, except that the previous LAD cathode performance characterization uses a method called 10% [11, 35] .
The DC emission of the two cathodes is measured in a planar diode testing system, where the difference is that the system is attached with a real-time temperature controller. The purpose for the improvement is that the cooling of the cathode is significant during DC operation compared to pulsed operation. With the temperature real-time controlled, the temperature of the cathode can be compensated to keep constant during testing. Typical DC I-V plots of SDI/SG cathode at temperatures from 850 to 950 °C b are shown in Fig. 3d , which is described in details in the previous work [43] . Moreover, a sharp transition with a knee temperature as low as 900 °C b for the initial current density of ~ 60 A cm −2 can be observed (Fig. 3d) . The result is also comparable with that of the SDI-SG cathode tested in the same structures (Fig. 3e) . The results indicate that the performance of the SDI/SD cathode is slightly superior to the SDI/SG cathode.
A lifetime test was conducted with the current density of ~ 30-40 A cm −2 DC loading operating at 950 °C b in close spaced diode structures. The duration of the current density is shown in Fig. 4a , and the initial current density is set as 20 A cm −2 . At the beginning of the testing, the current density of the cathode increases gradually and stabilizes at 30 A cm −2 after 300 h. The current density of 40 A cm −2 is obtained after a further increase of loading to 166 V and this density value keeps almost constant throughout the lifetime test for 3700 h. Typical DC I-V plots (without temperature compensation) of the SDI/SD cathode at 950 °C b at the beginning and 1000 h of the life test are shown in Fig. 4b . It seems that the SCL current density is improved during the first lifetime test of 1000 h.
Furthermore, in order to function as a working cathode in real devices, such as traveling wave tubes and klystrons, the cathodes with concave surfaces are needed for the convergent electron guns of VEDs [44] . The machining of a flat cathode surface into a concave surface usually leads to a reduction of the cathode performance since the emission capability possesses a surface-sensitive property [2] . Figure 4b illustrates the DC emission life test with a current density of 40 A cm −2 at 970 °C b of the machined surface SDI/SD cathode. Although the emission current density decreases slightly after machined, the emission stability maintains well and exceeds more than 5000 h.
Mechanism study of the SDI cathode
Emission models for thermionic cathodes such as Ba-Wand M-type cathodes are well established, and it is widely accepted that the existence of the Ba-O dipole monolayer leads to its emission. However, for the scandate cathode, the working mechanism is still unclear because of the precise nature of the active surface layer including the composition and structure are not fully identified. It is found that most of the active substances of Sc and Ba disappear from the cathode surface (Fig. 5a, b [45] ) in the process of removing residual impregnant on the surface of the cathode. Moreover, the auger electron spectroscopy (AES) analysis clarifies that an obvious surface diffusion of Sc with Ba and O is apparent at temperatures above 1000 °C b during activation, as illustrated in Fig. 5c, d , in contrast to non-impregnated matrices. The Auger depth analysis result indicates that the cathode surface is covered by a Ba-Sc-O active multilayer substance with a thickness of ~ 100 nm [45] , which differs from the thickness of the monolayer of Ba-W cathodes and semiconducting layer of oxide cathodes. Meanwhile, SEM images of the fully active cathode surface display the appearance of many nanoparticles at the growth steps and the surface of tungsten grains (Fig. 6a) which are distinct from the Ba-W dispenser cathode (Fig. 6b) . Our calculation results indicate that the local electric fields around the nanoparticle could be enhanced [46] . Recently, Zhou et al. [47] claimed that Sc 2 O 3 and BaAl 2 O 4 crystallites with the particle size of 100 nm were separated, distinct, interspersed and Ba or BaO dots with diameters of ~ 10 nm were distributed on the surface of the W grain. Meanwhile, a serial of works [48] [49] [50] [51] [52] are done to explore the surface structure and stability of Ba x Sc y O z monolayer cathodes by the method of ab initio modeling. These calculations provide modifications of the work function of the (001) facet of W crystal induced by Ba-and Scmonomers, together with Ba-O and Sc-O dimers, as a function of surface coverage (Fig. 7) . The results indicate that the Ba 0.25 Sc 0.25 O structure is the most stable structure and holds the lowest work function compared to other Ba x Sc y O z monolayers. They found that in the W-Ba-W system the most stable surface adsorbates were Ba-O species with compositions in the range of Ba 0.125 O-Ba 0.25 O per surface of a W atom, and Ba could form work function-lowering surface dipoles [53] .
Kapustin et al. [54] studied the effect of Sc on the emission properties of the cathode materials and found that Sc doping could reduce the oxygen vacancy splitting level. Therefore, additional surface states can be formed and the band bending near the surface can be significantly lowered. The lowering of energy band bending at the barium oxide surface will cause a decrease in the work function and increase the emission capability. Apart from the semiconductor emission model described above, Bekh et al. [55, 56] presented a thermo-field emission mechanism after investigating the influence of rhenium and scandium oxide on the emission mechanism of impregnated tungsten thermionic emitters. This study compares the composition and emission property of two impregnated scandate cathodes possessing the pure tungsten matrix and rhenium-tungsten matrix. The emission performances for these cathodes are found to be independent of the emitter matrix material, due to the existence of scandium oxide in the emission-active substance. However, different matrices have different emitter surfaces. If a tungsten matrix is used, the influence of scandium oxide will increase the number of crystallites in the active materials which are latter responsible for a high emission and a variation of their shape on the cathode emitting surface. This favors the conditions for the thermo-field emission. If a rhenium-tungsten matrix is used, the presence of scandium oxide will stimulate both the growth of the active substance crystallite dimensions and the composition change in the emitting layer, which is accompanied by the same thermofield emission effect. 
Summary
In this paper, we review the development of different kinds of scandate cathodes and the recent researches on the potential cathodes for the next-generation vacuum electron devices. It is found that the uniform distribution of Sc and the microstructure of the cathode play important roles in the cathode emission performance. The scandia-doped tungsten matrix impregnated cathode with a desirable emission property and reproducibility is the most promising candidate for future electron devices. Although the surface structure, composition and their correlation with the cathode emission performance are studied, the corresponding emission mechanism is still unclear to a great extent. To a better understanding, we believe the constitution and the configuration of the elements on the cathode surface, and the reactions for producing the free or ionic Sc during impregnation or/and activation needs to be investigated in detail in the future work. 
